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a1-AR gene to chromosome 5q32-*q34, the same position as fi2-AR, and the fi1-AR gene to chromosome 10q24-+q26, the region where a2-AR is located. In mouse, both a2-and f1-AR genes were assigned to chromosome 19, and the a,-AR locus was localized to chromosome 11. Pulsed field gel electrophoresis has shown that the a,-and /82-AR genes in humans are within 300 kilobases (kb) and the distance between the a2-and fi1-AR genes is <225 kb. The proximity of these two pairs of AR genes and the sequence similarity that exists among all the ARs strongly suggest that they are evolutionarily related. Moreover, they likely arose from a common ancestral receptor gene and subsequently diverged through gene duplication and chromosomal duplication to perform their distinctive roles in mediating the physiological effects of catecholamines. The AR genes thus provide a paradigm for understanding the evolution of such structurally conserved yet functionally divergent families of receptor molecules.
The adrenergic receptors (ARs) are plasma membrane receptors mediating the physiological effects of neurotransmitters, hormones, and drugs. ARs belong to the family of receptors that are coupled to guanine nucleotide binding regulatory proteins (G proteins) (1, 2) . This receptor family also includes rhodopsin, the visual color opsins, muscarinic cholinergic receptors, and many other neurotransmitter receptors and receptors for peptide hormones. There are two major classes of AR, a and /3, each of which has pharmacologically distinguishable subtypes (a, and a2, 81 and P2). The /31-and p2-ARs activate adenylate cyclase, while the a2-AR inhibits that enzyme. The a1-AR stimulates phospholipase C.
The most striking structural feature of the ARs and other G protein-coupled receptors is the presence of seven stretches of hydrophobic amino acids, which are believed to form seven a-helices that span the lipid bilayer of the cell membrane. Amino acid sequence homology among ARs is highest in these transmembrane domains (3, 4) . This feature is shared with other G protein-coupled plasma membrane receptors (5-7).
We have previously assigned the genes encoding platelet a2-and P32-ARs to human chromosomes lOq24--q26 and 5q31-+q33, respectively (8, 9) . Two a2-AR-related sequences were localized to human chromosomes 2 and 4 (8) . The f32-AR gene was mapped to chromosome 18 in the mouse (10 The results suggest that the evolutionary mechanism for the AR gene family is gene duplication followed by chromosomal duplication.
MATERIALS AND METHODS Hybridization Probes. A 1.6-kilobase (kb) Sma I/HindIII genomic fragment composed of 1.2 kb of coding sequence and 0.4 kb of intervening sequence of hamster a1-AR was used to localize the a1-AR gene in human and mouse (11) . The mouse P2-AR locus was mapped by hybridization to a 2-kb BamHI/Pst I fragment from the 5' untranslated region of the human platelet a2-AR gene (8) . This probe only recognizes the a2-AR sequence on human chromosome 10. A 1.3-kb Sma I cDNA fragment of human X31-AR was used to determine the /81-AR gene location in human and mouse (12) . The f32-AR probe pHBHR3 is a 2-kb human cDNA fragment representing the entire coding region plus a 14-base-pair poly(A) tail of the /32-AR gene (9) . All the probes described above were also used for hybridizing filters generated by pulsed field gel electrophoresis.
Hybrid Cell Lines. Panels of selected Chinese hamsterhuman hybrid cell lines of series XII, XIII, XV, XVII, XVIII, XXI, and 31 were used to assign a,-and /31-AR genes to human chromosomes. Derivation of the hybrid cell lines has been recently summarized (13) . Localization of the AR genes in mouse was accomplished by analyzing panels of mouseChinese hamster hybrid cell lines of series I, EAS and EBS, and of a mouse-rat hybrid RTM9. The hybrids were characterized chromosomally and biochemically as described (13 toradiography, and silver grain analysis were carried out according to the published procedures (13) . Pulsed Field Gel Electrophoresis. Lymphoblastoid cells and fibroblasts from six individuals were used for this study. The methods for genomic DNA preparation in agarose blocks, the preparation of A multimers and yeast chromosomes as DNA size markers, the restriction digestion of DNA in agarose blocks, and the condition of pulsed field gel electrophoresis have been described (15) . A contour-clamped homogeneous electric field apparatus (Chef II; Bio-Rad) has been used in the analysis (16) . The electrophoresis was conducted with 1% agarose gel at 150-200 V in 0.5x TBE (lx TBE = 90 mM Tris/64.6 mM boric acid/2.5 mM EDTA, pH 8.3) for 30-50 hr at 15'C with continuously increasing pulse times of 50-90 or 120-180 sec. After electrophoresis, the DNA was transferred to Hybond nylon filters as in regular Southern blotting and sequentially hybridized with probes of the AR genes. Prehybridization and hybridization were done as described (13, 14) . Filters were stripped with 0.1 M NaOH/1% SDS and exposed to autoradiographic films between hybridizations to ensure that the previous signals were cleaned out (Fig. 2A) . This 300-kb fragment could be a partially cut band of 120 kb and 150 kb of a1-and 832-AR genes, respectively. In that case, the a1-and p2-AR genes are likely <300 kb apart. Both a2-and 81-AR probes hybridized to fragments of the same size in at least five digests. The smallest fragment that was common to both genes is 225 kb, which suggests that the distance between a2-and P1-AR loci is within 225 kb (Fig.   2B ). All four AR probes detected a Pvu I fragment at -2000 kb, which is above the resolution of these gels.
DISCUSSION
As part of our continuing efforts to map AR genes to human and mouse chromosomes, we have assigned the a1-AR gene to human chromosome 5 bands 5q32-*q34 and the 81-AR gene to human chromosome 10 bands 10q24-*q26. The mouse a2-and 831-AR loci were localized to mouse chromosome 19 and the a1-AR locus was mapped to mouse chromosome 11. Autosomal segments containing homologous gene loci have been conserved in widely divergent mamma- (10, 18, 19 (18, 19, 22 The a,-AR gene was assigned to the same band position as the p2-AR gene on human chromosome 5q32--*q34 (9) and the ,81-AR gene was regionally localized to human chromosome 10q24--*q26, which coincides with the site on l0q detected by the a2-AR probe (8) . Although these two pairs of genes were mapped to the same chromosomal bands by in situ hybridization, the region where they are situated covers at least 3000-6000 kb because of the limited resolution at the cytological level. Pulsed field gel electrophoresis has further localized the a1-and 832-AR genes to within 225 kb, and the a2-and /31-AR genes to within 300 kb. The close linkage of structurally and functionally related genes has been demonstrated previously for hemopoietic growth factor genes. Granulocyte-macrophage colony-stimulating factor and interleukin 3 were found to be 9 kb apart in the human genome (23) and 14 kb apart in the mouse genome (22) . The human colony-stimulating factor 1 receptor and platelet-derived growth factor receptor genes are linked in a tandem fashion and are separated by <500 bp (17) . There may have been some common evolutionary steps for the AR and hemopoietic growth factor gene families because of the similarities in their function (as receptors) as well as their physical proximity in the genome.
